Coatomer consists of two subcomplexes: the membrane-targeting, ADP ribosylation factor 1 (Arf1):GTP-binding βγδζ-COP F-subcomplex, which is related to the adaptor protein (AP) clathrin adaptors, and the cargo-binding αβ'e-COP B-subcomplex. We present the structure of the C-terminal μ-homology domain of the yeast δ-COP subunit in complex with the WxW motif from its binding partner, the endoplasmic reticulum-localized Dsl1 tether. The motif binds at a site distinct from that used by the homologous AP μ subunits to bind YxxΦ cargo motifs with its two tryptophan residues sitting in compatible pockets. We also show that the Saccharomyces cerevisiae Arf GTPase-activating protein (GAP) homolog Gcs1p uses a related WxxF motif at its extreme C terminus to bind to δ-COP at the same site in the same way. Mutations designed on the basis of the structure in conjunction with isothermal titration calorimetry confirm the mode of binding and show that mammalian δ-COP binds related tryptophan-based motifs such as that from ArfGAP1 in a similar manner. We conclude that δ-COP subunits bind Wx n(1-6) [WF] motifs within unstructured regions of proteins that influence the lifecycle of COPI-coated vesicles; this conclusion is supported by the observation that, in the context of a sensitizing domain deletion in Dsl1p, mutating the tryptophan-based motif-binding site in yeast causes defects in both growth and carboxypeptidase Y trafficking/processing. δ-COP μ homology domain-binding motifs | coatomer | COPI | vesicle coat | membrane trafficking C OPI vesicles mediate retrograde trafficking from the Golgi to the endoplasmic reticulum (ER) and within the Golgi (reviewed in refs. 1-3). The COPI vesicle coat consists of two major components, coatomer and the small GTPase ADP ribosylation factor 1 (Arf1). Coatomer is an ∼600 kDa heteroheptameric complex consisting of two linked subcomplexes, the βγδζ-COP F-subcomplex and the αβ'e-COP B-subcomplex, all conserved from yeast to humans.
δ-COP μ homology domain-binding motifs | coatomer | COPI | vesicle coat | membrane trafficking C OPI vesicles mediate retrograde trafficking from the Golgi to the endoplasmic reticulum (ER) and within the Golgi (reviewed in refs. [1] [2] [3] . The COPI vesicle coat consists of two major components, coatomer and the small GTPase ADP ribosylation factor 1 (Arf1). Coatomer is an ∼600 kDa heteroheptameric complex consisting of two linked subcomplexes, the βγδζ-COP F-subcomplex and the αβ'e-COP B-subcomplex, all conserved from yeast to humans.
Recent studies have led to a model for COPI-coated vesicle formation in which the F-subcomplex functions as a traditional Arf1:GTP effector but with two membrane-attached Arf1:GTP molecules binding to quasi-equivalent sites on a single F-subcomplex, recruiting F-subcomplex and its associated B-subcomplex onto the membrane en bloc (4) . Once the vesicle has budded from its donor membrane, an Arf GTPase-activating protein (ArfGAP) catalyzes the hydrolysis of GTP on Arf1, and the Arf1:GDP dissociates from the membrane, followed later by the dissociation of the coatomer complex that was bound to the transport vesicle (5) . ArfGAPs also have been proposed to function at different stages in vesicle biogenesis, both as terminators and, during an earlier cargoediting step, as effectors (reviewed in depth in ref. 6 ). In the final stages of its life, a COPI-coated vesicle docks with the ER via the Dsl1-tethering complex, completes uncoating, and finally undergoes SNARE-mediated fusion with the ER (7) (8) (9) .
The two main ArfGAPs associated with COPI-dependent retrograde transport in yeast are Gcs1p and Glo3p. These proteins can substitute for one another, at least partially, in COPI vesicle-mediated transport, although Glo3p, which binds the γ-COP appendage domain, has been proposed to play the more significant role (10) (11) (12) . Cassel and coworkers (13) have demonstrated, for mammalian ArfGAP1, that a di-tryptophan motif (WxxxxW) located within the unstructured C terminus of the protein can bind to the mammalian δ-COP C-terminal μ-homology domain (MHD). Intriguingly, this tryptophan motif resembles a proposed yeast δ-COP-binding motif termed "δL," which was identified by yeast two-hybrid screening and then discovered in a cytosolic protein which at that time was of uncertain function in COPI vesicle trafficking (14) . Subsequently similar motifs were identified in the central low complexity region (the so-called "lasso") of the Dsl1p subunit of the yeast Dsl1 tethering complex (7) (8) (9) 15 ). Here we reveal the structure of Saccharomyces cerevisiae δ-COP MHD and the basis for its binding to di-tryptophan-based motifs from Dsl1p and also demonstrate that a related WxxF motif from the extreme C terminus of Gcs1p binds at the same site on δ-COP. The functional relevance of this binding site on δ-COP is indicated by the observation that mutations in the site that abolish motif binding can affect CPY trafficking/processing and cause growth phenotypes.
Significance
Eukaryotic cells contain many different organelles between which vesicles traffic material. COPI-coated vesicles mediate essential, evolutionarily conserved retrograde trafficking pathways from the Golgi to the endoplasmic reticulum (ER) and within the Golgi. We have determined structures of the μ-homology domain (MHD) of the COPI δ-COP subunit in complex with tryptophan-based motifs from the ER-resident vesicle-docking/ tethering complex Dsl1, giving a mechanistic description of a tether/coat interaction; furthermore we demonstrate that this interaction plays a role in facilitating COPI-coated vesicle transport in vivo. Our work demonstrates the structure of each eukaryotic cell MHD and shows that MHDs are adaptable scaffolds that can interact specifically with a range of proteins and phospholipids at different positions.
Results
Structure of the δ-COP MHD in Complex with the Dsl1p WxW Motif.
Isothermal titration calorimetry (ITC) was used to test the ability of bacterially expressed yeast δ-COP MHD (residues 282-546) (Fig. 1A) to bind di-tryptophan peptides derived from the yeast Dsl1p lasso (residues 378-488). Low micromolar K D s (∼10 μM) were observed for the binding of δ-COP MHD to peptides with spacing WxW and WxxxW (Fig. 1B) . Di-tryptophan peptides with four, five, or six residues between the tryptophans also bound, with K D s between 10 and 50 μM (Fig. S1 ). These results suggest that the presence of two relatively closely spaced tryptophan side chains is the main determinant for binding. Yeast δ-COP MHD was cocrystallized with the strongestbinding peptide, corresponding to the WxW motif in the Dsl1p lasso [DDWNWE(SeMet)ED]. [N.B.: The valine in the native sequence was replaced by a selenomethionine (SeMet) to help identify the peptide orientation; this peptide bound with an affinity similar to that of a native sequence peptide (Fig. S1 ).] The structure was determined at 2.8-Å resolution by SeMet multiwavelength anomalous dispersion (MAD) methods (see Materials and Methods, Fig. S2 , and Table S1 for detailed descriptions of structure determination).
As predicted, yeast δ-COP MHD resembled μ1-4 adaptins and Syp1p, being constructed of 17 β-strands arranged in two interlinked β-sandwich subdomains (Fig. 1C) (16) (17) (18) (19) (20) . One striking feature of the δ-COP MHD structure is its large negative electrostatic surface potential, which is conserved across species and therefore presumably is functionally important (Fig. 1D) . This global feature is in marked contrast to the MHDs of AP1 and especially AP2, which are extremely positively charged (Fig. 1D) . showing that di-tryptophan motifs bind to δ-COP at a position similar to that at which the YKFFE sequence of APP binds to the μ4 MHD (PDB ID code 3L81) (17) but at a completely different site from the binding of Yxxϕ signals to AP MHDs (PDB ID code 1BXX) (16, 18, 19) . The final refined 2mF O -DF C density contoured at 1.2σ and mF O -DF C difference density at ±3.0σ for the peptide are shown in the Inset. The total buried area of the interface between δ-COP and the WxWx(SeMet) peptide is 1,354 Å The role of these positively charged patches in AP MHDs is to mediate binding to negatively charged, organelle-specific phosphatidylinositol phosphates (PIPs): PtdIns(4,5)P 2 in the case of adapter protein 2 (AP2) at the plasma membrane and presumably PtdIns(4)P in the case of AP1 at the trans-Golgi network (TGN) (21) (22) (23) . By analogy the δ-COP MHD also could be involved in the specificity of COPI membrane recruitment and/or of COPIcoated vesicle docking (see Discussion).
All nine residues of the Dsl1p lasso peptide were clearly visible in electron density maps, binding at a site comprising δ-COP MHD strands 4 and 6 and the loop between strands 5 and 6. The identities of the residues and length of the interstrand loop at this site are well conserved from yeast to mammals ( Fig. 1D and Fig. S3 ). The WxW peptide-binding motif occurs at a position adjacent to and slightly overlapping with the binding site of the YKFFE sequence of APP (amyloid precursor protein) to the μ4 MHD (17) but at a site completely different from and in fact on a face orthogonal to the binding of YxxΦ signals to AP MHDs (Fig. 1C) (16) .
The WxW peptide binds in an extended conformation with the three hydrophobic residues binding into three complementary hydrophobic pockets ( Fig. 2A and Fig. S2 ). The N-terminal tryptophan of the WxW motif in the Dsl1p lasso, Trp-413, is deeply buried in pocket 1 (Fig. 2B) . Structure-based superposition shows that pocket 1 in δ-COP is equivalent to the pocket in μ4 in which Phe-690 (YKFFE) in APP is buried ( Fig. S4 ) (17) . The C-terminal tryptophan, Trp-415, is deeply buried in a hydrophobic pocket (pocket 2) created by the loop between strands 5 and 6, which is significantly longer than in other MHDs (15 residues vs. 4 in μ2, for example). The SeMet in the DDWNWE(SeMet)ED) peptide (SeMet replacing valine in the native sequence) is buried in the third hydrophobic pocket (pocket 3), which could be considered an extension of pocket 2. Aspartate residues, often found adjacent to the tryptophan residues in δ-COP MHD-binding sequences, may serve to funnel ligands toward the binding site, which is the only significant non-negatively charged patch on the otherwise negatively charged δ-COP MHD surface (Fig. 1D) .
We used this structure as a molecular replacement model to solve at 1.8-Å resolution a different (and merohedrally twinned) crystal form of yeast δ-COP MHD in complex with the equivalent non-SeMet peptide DDWNWEVED (Table S2 ). The structures were essentially identical, with the peptides bound in the same way (Fig. S2) . We also were able to solve another cocrystal structure of yeast δ-COP MHD in complex with a peptide corresponding to the W 455 xxxW 459 motif in Dsl1p (Table S2) . In this structure, the motif also bound at the same site and most likely in the same orientation, although low occupancy of the peptide prevented detailed analysis of the binding (Fig. S2) . A final crystal form of yeast δ-COP MHD, crystallized without peptide, was determined by molecular replacement (Table S2 ). This structure showed that the binding of peptide had no discernable effect on the structure (Fig. S5); i.e., binding occurs to an effectively rigid template.
Mutagenesis of the Tryptophan-Based Motif-Binding Site on δ-COP.
Most (8 of 12) of the S. cerevisiae δ-COP residues that contact the di-tryptophan peptide motif, including His-350 and Arg-384, are conserved across species (Fig. S3 ). We were able to validate the peptide-binding mode observed in the crystal structure experimentally by using a double point mutant (H350A, R384S) that, while fully folded as determined by circular dichroism and gel filtration, eliminates the cation-π interactions between His-350 and Arg-384 and the indole rings of Trp-415 and Trp-413, respectively. As predicted, the double point mutant no longer bound the WxW peptide (K d >300 μM) (Fig. 2C) . In addition, mammalian δ-COP MHD-bearing mutations corresponding to yeast H350A, R384S (H330A K363S) no longer bound to the WxxxxW binding peptide from its ligand ArfGAP1, confirming that the mode of di-tryptophan motif binding is conserved from yeast to mammals (Fig. S1 ).
Studying the Binding of Tryptophan-Based Motifs to δ-COP in Vivo.
The yeast δ-COP H350A, R384S (HARS) mutant provided us with a tool for assessing the functional role of the δ-COP:Dsl1p lasso interaction in vivo. When wild-type δ-COP was replaced by the HARS double mutant to abolish the δ-COP:Dsl1p interaction, yeast grew normally. This result is not unexpected, given the previous finding that the Dsl1p lasso is functionally redundant with another region of Dsl1p, the highly conserved C-terminal E domain (9, 24), for COPI-mediated transport: Yeast containing a deletion of either the entire lasso region or of the E-domain grow normally (24) . Strikingly, yeast lacking the Dsl1p E domain-and therefore rendered dependent on the Dsl1 lasso for COPI-dependent transport and hence viability-displayed marked growth-rate defects when lasso binding was compromised by the δ-COP HARS mutations (Fig. 3A) . This growth defect was accompanied by a major defect in carboxypeptidase Y (CPY) trafficking/processing at 37°C and to a lesser degree at 34°C (Fig. 3B) , suggesting that δ-COP MHD is involved in an interaction that is important for maintaining correct vesicular trafficking between the Golgi and ER.
Structure of the δ-COP μ-Homology Domain with a WxxF Motif from Yeast Gcs1p. Curiously, mammalian and yeast δ-COP MHDs are thought to bind different di-tryptophan-containing ligands. In mammals, ArfGAP1 but not the Dsl1 (also called "NRZ") complex is proposed to be the functionally relevant δ-COP MHD ligand; indeed, the mammalian Dsl1p homolog ZW10 lacks a tryptophan-rich lasso. In yeast, Dsl1p but not the ArfGAP1 ortholog Gcs1p has been proposed as the δ-COP MHD ligand. In light of our results, we reexamined the Gcs1p sequence from S. cerevisiae and found a WxxF motif at the very C terminus that is conserved in most yeasts (Fig. 4A) .
A WxxF peptide from Gcs1p (residues 345-352; DEDKWDDF) bound to the δ-COP MHD with an affinity similar (K d = ∼10 μM) to that of di-tryptophan peptides (Fig. 4C) . Moreover, a complex of δ-COP MHD and the same WxxF peptide crystallized in a different crystal form that diffracted to 2.5 Å (Table S1 ). Electron density representing D 347 KWDDF 352 residues in the peptide was clearly visible, showing that the peptide binds at the same site and in the same orientation as the Dsl1p WxW peptide (Fig. 4B and Fig. S2 ). As expected, the C-terminal Phe residue occupies pocket 2, and the HARS mutation in δ-COP MHD abrogates WxxF peptide binding (Fig. 4C) . However, the WxxF peptide is slightly displaced relative to the di-tryptophan peptides (Fig. 4D ), partly to accommodate the different number of intervening residues but also to allow the formation of a salt bridge between the C terminus of the peptide and the side chain of Lys-371 (Fig. 4B) . In the absence of Glo3p, cells expressing Gcs1p with its WxxF motif mutated grew more slowly than cells expressing wild-type Gcs1p, implying an in vivo role for the WxxF motif (Fig. S6A) ; however, CPY sorting was compromised to a similar extent when either wild-type or mutant Gcs1p with its terminal WDDF motif mutated to ADDA was expressed in the absence of Glo3p (Fig. S6B ).
Discussion
We have described the structure of the S. cerevisiae δ-COP MHD and the basis for its binding to di-tryptophan motifs found in Dsl1p (WxW and WxxxW; first reported in ref. 7) and to a newly identified WxxF motif found at the C terminus of the ArfGAP protein Gcs1p. Interestingly in the fission yeast Schizosaccharomyces pombe the δ-COP gene is actually missing its MHD altogether, and this is the one yeast that lacks a WxxF sequence at the very C terminus of its Gcs1p homolog (Fig. 4A ) and also lacks a Dsl1p homolog (25) , perhaps reflecting the loss of the evolutionary pressure to maintain one half of an interacting pair of sites when the other is absent.
Unlike AP MHD ligands, Gcs1p and Dsl1p are not transmembrane proteins but are vesicle coat assembly/disassembly factors, indicating a fundamentally different role for δ-COP MHD than for transmembrane cargo-sorting AP MHDs. This observation is in line with the fact that a third yeast protein proposed as a tryptophan-based motif containing δ-COP MHD ligand, originally termed "δL" and now named "Cex1p" (14) , has a mammalian homolog, Scyl1, that now has been shown to be a cytosolic protein implicated in Golgi-to-ER transport (26) . Because binding of similar strength can be detected to WxxxxW, WxxxxxW, and WxxxxxxW constructs ( Fig. S1 ; note, however, that the last of these binds less tightly, with a K d of ∼50 μM), the δ-COP MHDbinding motif can be redefined as Wx n (1) (2) (3) (4) (5) (6) [WF], which may aid in identifying new accessory factors for COPI-coated vesicle formation/disassembly. Our in vivo data indicate that growth defects and CPY trafficking/processing defects can be brought about by disrupting δ-COP MHD Wx n (1) (2) (3) (4) (5) (6) [WF] motif binding, but only in a sensitized system (e.g., in which the Dsl1p E-domain is deleted or Glo3p is absent). The need for multiple mutations to reveal phenotypic alterations likely reflects high levels of redundancy in this important cellular transport route, such as the binding of the other ArfGAP Glo3p by the F-subcomplex γ-COP appendage (12) and the binding of the Dsl1p lasso by α-COP (7).
By analogy with AP2 and AP1 (21, 27, 28) , membrane recruitment of the coatomer might be expected to trigger an Arf1: GTP-driven conformational change in the F-subcomplex from an inactive closed form to an open form (4). However, the open form of F-subcomplexes attached to a membrane in a coat recently has been demonstrated to be even more extreme than the open conformation of AP complexes (27, 28) and now is referred to as "hyper-open" (29) . The hyper-open conformation of coatomer, in which δ-COP MHD is on the very outside of the coat away from the membrane, would be maintained in the vesicle coat as long as coatomer was bound to Arf1:GTP. After nucleotide hydrolysis and Arf1:GDP disengagement, the F-subcomplex likely would revert to a more closed form; however, because of the COPI B-subcomplex binding to KKxx and KxKxx transmembrane cargoes (29) (30) (31) , the coat should not dissociate from the vesicle surface immediately (5) . Assuming that the F-subcomplex adopts a closed conformation similar to that of a cytosolic AP complex, modeling suggests that the Wx n (1) (2) (3) (4) (5) (6) [WF] binding site on δ-COP should be accessible when the F-subcomplex is closed (Fig. S7) . This situation contrasts with the unavailability of YxxΦ motif-binding site on the μ subunits of closed AP complexes (21, 32) . EM tomography suggests that the δ-COP MHD Wx n (1) (2) (3) (4) (5) (6) [WF] binding site remains accessible in the hyper-open membrane-associated conformation, indicating that it possesses no switching mechanism to regulate ligand binding. The lack of a switching mechanism likely reflects the different roles of the MHDs in COPI and AP complexes. APs Fig. 3 . ret2(HARS)/dsl1-ΔE mutant cells show defects in growth and in CPY trafficking. (A) Isogenic strains bearing mutations at either the DSL1 or RET2 (δ-COP) gene loci, labeled as dsl1-ΔE and ret2(HARS), were serially diluted, spotted, and grown at the indicated temperatures for 48 h. The double mutant harboring both the ret2(HARS) and dsl1-ΔE allele was lethal at 37°C (no colonies formed after 1 wk) but was viable at lower temperatures, although with a slight growth defect. All combinations are shown in biological duplicate. (B) Cells of the indicated strains were grown to midlog at 30°C in yeast extract peptone dextrose (YEPD) medium and then were shifted for 2 h to either 34°C or 37°C. Glass bead extracts of collected cells were separated by 7.5% SDS-PAGE and probed with α-CPY antibodies (40) . Positions of p1 (ER), p2 (Golgi), and mature (m, vacuolar) forms of CPY are indicated. Note that p1 CPY accumulates in ret2(HARS) dsl1-ΔE double-mutant cells at 34°C and more strongly at 37°C but does not accumulate in single-mutant cells. must bind YxxΦ motifs only when the APs are on the membrane so they do not bind erroneously to YxxΦ motifs in cytosolic proteins. By contrast, COPI needs to bind cytosolic, vesicle-coat assembly/disassembly factors throughout a COPI-coated vesicle's life cycle: Gcs1p during the early stages of COPI-coated vesicle assembly for a possible role in cargo-selection editing, Cex1p at an undefined stage, and Dsl1p in the latter stages for docking and ultimately fusion with target membranes.
The remarkable electronegativity of δ-COP MHD surfaces could, by analogy to the homologous AP MHD surfaces that target APs to PIP-rich and hence negatively charged membranes, function in membrane recruitment specificity. However, because the cis-and medial-Golgi membranes are not positively charged but are much less negatively charged than the late Golgi, such a role would need to be achieved by inhibiting recruitment to the more negatively charged membranes of the late Golgi and TGN. The reduction in negative charge of the cis-and medial-Golgi relative to the TGN and late Golgi is the result of two factors. First, the negatively charged PtdIns(4)P is concentrated in the later Golgi because of the constant cycling of the PtdIns(4)P phosphatase Sac1 between the cis-Golgi and ER (33, 34) . Second, phosphatidylserine, another major negatively charged phospholipid, is located mostly in the inner leaflet of the ER and cis-Golgi membranes but in the outer leaflet of compartment membranes later in the secretory pathway (35) . Interestingly the β'-COP (30) and α-COP (31) juxtamembrane surfaces are similarly highly electronegative and thus also could contribute to selective membrane recruitment of coatomer.
However, in a recent ground-breaking electron tomographic reconstruction of COPI-coated vesicles (29), Dodonova et al. suggested that δ-COP MHD is actually on the outside of coat, being the furthest part of the COPI coat from the membrane surface. Therefore one intriguing possibility is that the high global negative charge of δ-COP may contribute to the specificity of target membrane fusion of COPI-coated vesicles that in δ-COP could inhibit close apposition and hence fusion with more negatively charged membranes such as the late Golgi/TGN, but not inhibit contact with the comparatively uncharged membranes of the cis-Golgi and ER. Such a mechanism could impart retrograde directionality to COPI vesicle transport through the Golgi toward the ER and also might involve the α-COP CTD /e-COP subcomplex, which likewise is both highly negatively charged (36, 37) and located on the outside of the COPI coat (29) . It should be noted that for such a scenario to operate, a significant proportion of coatomer must indeed remain associated with vesicles right up to their docking step to allow Dsl1 complex-mediated tethering of COPI-coated vesicles to occur (5, 15) .
Finally, a comparison of the structures of MHDs of the μ subunits in AP complexes and the δ-COP subunit of coatomer indicates that the Wx n (1) (2) (3) (4) (5) (6) [WF] motif binding is unique to δ-COP because both the residues and the lengths of loops involved in Wx n (1) (2) (3) (4) (5) (6) [WF] motif binding in δ-COP are not significantly conserved in the MHDs of AP complexes or TSET (38) . Further, the proteins containing those motifs are cytosolic coat assembly/disassembly factors rather than membrane-embedded cargo, and as such δ-COP MHDs may play a role more analogous to that of the MHDs of muniscin family members such as Syp1p and its mammalian homologs FCHo1 and FCHo2 (39) , than to the role of the MHDs of AP complexes in clathrin-coated vesicle formation.
Materials and Methods
Protein Expression and Purification. The δ-COP μ-homology domain (residues 282-546) from S. cerevisiae was expressed in BL21(DE3)plysS (for native protein), or in B834(DE3)plysS (for SeMet-substituted protein) for 18-20 h at 20°C after induction with 0.5 mM isopropyl β-d-1-thiogalactopyranoside ITC. All ITC experiments were carried out at 20°C, with proteins and peptides in 50 mM Hepes (pH 7.5), 200 mM NaCl, and 5 mM β-ME with δ-COP MHD at 100 μM. All experiments were carried out at least three times, with appropriate SDs reported.
Structure Determination of the δ-COP MHD with Dsl1p WxW and Gcs1p WxxF Peptides. The Dsl1p SeMet-substituted WxW peptide [DDWNWE(SeMet)ED] was mixed with SeMet-substituted δ-COP (residues 282-546) W404A (30 mg/mL) at a 2:1 molar ratio and was crystallized in in 0.1 M Hepes-Na (pH 7.0), 0.15 M (NH4) 2 SO 4 , and 21% (wt/vol) PEG-3350. Crystals were cryoprotected with 15% glycerol, and a three-wavelength MAD dataset was collected at the selenium edge. The best crystal diffracted to 2.8 Å and belonged to space group P1. The data were processed and the structure was solved as described in SI Materials and Methods and Tables S1 and S2.
The Gcs1p WxxF peptide (DEDKWDDF) was mixed with SeMet-substituted δ-COP (residues 282-546) W404A (20 mg/mL) at a 2:1 molar ratio and was crystallized in 0.1 M Tris·HCl (pH 8.5), 0.15 M magnesium chloride, and 26% (wt/vol) PEG-4000. Crystals were cryoprotected with 15% glycerol, and data were collected to 2.5 Å (space group P2 1 2 1 2 1 ). The structure was solved by molecular replacement using one molecule of the previously determined δ-COP MHD structure [in complex with the DDWNWE(SeMet)ED peptide]. ::URA3. Diploid cells were sporulated and dissected to obtain the double mutant strain. Growth assays were performed as previously described (8) . CPY secretion assays and immunoblots testing CPY trafficking/processing were performed as previously described (40, 41) , using rabbit α-CPY antibodies generously provided by Karin Römisch, Saarland University, Saarbrucken, Germany. The following yeast mutants were used as positive controls to assay for trafficking phenotypes: sec18-1 for p1-CPY accumulation (i.e., an ER block) and vps35Δ for possible vacuolar protein-sorting defects (i.e., p2-CPY accumulation and loss of mCPY).
Note. While this manuscript was under review a paper describing the structure of the unliganded bovine δ-COP MHD was published (42) .
